Recently, we have developed a new microchip separation method for microparticles utilizing electromagnetophoresis (EMP) under the concept of the free-flow technique. 27 EMP, which was the migration phenomenon based on the Lorentz force proposed for the first time by Kolin in 1953, 28 is a force induced on a particle placed in a magnetic and electric field 2016 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. A novel microchip separation system for microparticles based on electromagnetophoresis (EMP) was developed. In this system, focusing and separation of flowing microparticles in a microchannel could be performed by staggered-EMP by controlling the electric current applied to the channel locally combined with the split-flow system for fractionation of eluates. To apply the electric current through the flushing medium in the microchannel, a hollow fiber-embedded microchip with multiple electrodes was fabricated. The hollow fiber was made by a semi-permeable membrane and could separate small molecules. This microchip allowed us to apply the electric current to a part of the microchannel without any pressure control device because a main channel contacted with the subchannels that had electrodes through the semi-permeable membrane. Moreover, the separation using this microchip was combined with the split-flow system at two outlets to improve separation efficiency. Using this system, with the split-flow ratio of 10:1, 87% of 3 μm polystyrene (PS) latex particles were isolated from a mixture of 3 and 10 μm particles. Even the separation of 6 and 10 μm PS particles was achieved with about 77% recovery and 100% purity. In addition, by controlling the applied current, size fractionation of polypropylene (PP) particles was demonstrated. Moreover, biological particles such as pollens could be separated with high separation efficiency by this technique.
Introduction
For analytical chemistry, micro-fluidics is an important technique to decrease the amount of sample required and to increase throughput by continuous sample injection because a sample and a buffer solution are flushed into a flow path with a small volume used as an analytical cell. [1] [2] Moreover, it should be also possible to increase the sensitivity, shorten the analytical time and miniaturize the device. This approach is effective not only for liquid-liquid extraction and reaction of sample molecules as a typical microchip analysis, but also for the separation and characterization of microparticles, such as biological cells, inorganic and polymer particles, which have gained increasing importance in many research fields, including for industrial, biological, medical, and environmental applications. [3] [4] [5] The separation of these microparticles is not only for product evaluation and diagnosis of cells, but also for analysis of small molecules with different surface functionalities of particles.
For the separation and characterization of microparticles utilizing micro-fluidics, the microchip is designed to be constructed of three segments, usually a focusing, a separation and a fractionation segment in many cases. [6] [7] [8] [9] [10] First, the particles injected by the flow into a microchip are focused or concentrated positionally in the focusing segment, and then separated based on their size or properties by a force against or across the flow induced by multiple streams, such as designed structures of the microchannel and applied fields in the separation segment. Finally, they are individually collected from two or more outlets at the fractionation segment. A hydrodynamic focusing technique such as sheath flow has been often used to focus the particles, and migration techniques of the particles, such as electrophoresis, 11, 12 dielectrophoresis (DEP), 9,13-15 magnetophoresis, [16] [17] [18] acoustophoresis, [19] [20] [21] dean flow, 22 pinched flow fractionation (PFF), 10, 23 and split-flow thin (SPLITT) fractionation, [24] [25] [26] have been utilized to separate them based on the difference of their migration velocities in the flow. Among them, the method in which the particles are separated in the orthogonal direction to the flow and fractioned at each outlet is called a free-flow technique. The free-flow technique is very effective for separating and fractionating the particles as the analysis and pretreatment for another analysis because of the short separation time and ease to fractionate by collecting the elution at multiple outlets.applied orthogonally. The main advantages of the EMP method are the lack of requirement for a tagging material and its ease of integration with micro-fluidic systems. Moreover, the magnitude and the direction of EMP migration could be set precisely and easily and it is possible to migrate the particles locally or partially in a microchannel because the migration could be controlled by two parameters, the magnetic field and the electric current compared with the other migration techniques. This technique could separate the flowing microparticles based on the difference of their EMP migration velocity perpendicular to the flow with high separation efficiency by employing hydrodynamic focusing. By this technique, the size separation of microparticles using a double Y-shape microchip was demonstrated. However, the hydrodynamic focusing had the disadvantage that a large amount of sheath solution was required, which decreased throughput. In the subsequent study, to overcome this disadvantage, we proposed the staggered-EMP separation technique that both of the focusing and the separation of microparticles could be achieved using a Y-shape microchip connected by electrode units before an inlet and after an outlet by EMP with two permanent magnets without the sheath flow. 29 In this technique, particles injected in the microchannel were focused by EMP orthogonal to the flow at once, and then separated by EMP whose direction was opposite to the EMP for the focusing. This staggered-EMP technique could achieve higher separation efficiency for the size separation of microparticles compared to EMP combined with hydrodynamic focusing. However, because staggered-EMP was controlled by the position of a pair of permanent magnets, set of optimum separation conditions was time-consuming. Therefore, to utilize the EMP technique easily, separation should be controlled by the applied electric current.
In this paper, we present a novel method for microparticle separation using staggered-EMP with the designed microchip, which comprises multiple electrodes to apply the electric current to a part of the microchannel locally. Figure 1 shows the concept of the separation of microparticles using staggered-EMP by controlling the applied electric current. Generally, to apply the electric current to a part of the microchannel, a branching channel that has an electrode at each subchannel is used, and the current is applied between the adjacent subchannels. Here, the branching channel consisted was designed to have an inlet and two outlets, along with three subchannels as shown in Fig. 1 ; it was made of polydimethylsiloxane (PDMS). The current could be applied to the main channel by electrodes at the edge of the subchannels. However, in this designed channel, the flushing buffer eluted from not only outlets, but also the edge of the subchannels. This fact indicates that a pressure control device, such as resistance tubes or valves, is required to prevent the buffer to elute from the subchannels. Therefore, we developed the hollow fiber-embedded microchip in which a hollow fiber was inserted into the main channel. The hollow fiber was made by a semi-permeable membrane and small molecules and ions could pass through the hollow fiber wall. Therefore, flow pass was the inside of the hollow fiber and flowing solution was in contact with subchannels and electrodes through the semi-permeable membrane. With this structure, fluids could be flushed stably into only the hollow fiber. Moreover, the current could be applied in the hollow fiber because the current could be passed through the semi-permeable membrane. This designed microchip allowed us to control the applied current easily. Furthermore, staggered EMP separation was combined with the split-flow system at two outlets. The split-flow system has been used for fractionation of eluates. By controlling the split-flow ratio, by limiting elution volume at each outlet, we attempted to improve the separation efficiency utilizing the hollow fiber-embedded microchip. In the present study, the hollow fiber-embedded microchip by which the direction and position of the applied current in the channel was easily controlled, was fabricated to generate staggered-EMP. First, we confirmed the staggered-EMP behavior of polystyrene latex (PS) particles with a diameter of 10 μm in the hollow fiberembedded microchip. Then, we tried the continuous size separation of PS particles with different diameters of 3 and 10 μm, and 6 and 10 μm using this microchip with a split-flow system. Moreover, size fractionation of polypropylene particles with the average diameter of about 5 μm was demonstrated. Finally, the separation between pollens as heterogeneous biological particles was attempted.
Experimental

Materials
Polystyrene (PS) beads with the nominal mean diameter of 3, 6 and 10 μm (2.954 ± 0.052, 5.497 ± 0.168, and 9.977 ± 0.142 μm in exact size, respectively), paper mulberry pollen (12 -13 μm) and ragweed pollen (19 -20 μm) were purchased from Polyscience, Inc. (Warrington, PA). Polypropylene (PP) beads were obtained from Seishin Enterprises Co., Ltd. (Tokyo, Japan). Potassium chloride (KCl) aqueous solution was prepared with the purified water that was produced by passing it through an EASYpure water purification system (Thermo Fisher Scientific Inc., Waltham, MA). Sample solutions were prepared by suspending particles in 1.16 M KCl aqueous solution or 0.116 M KCl solution with about 10 6 particles mL -1 for PS particles or the concentration that did not interfere with observation for PP particles and pollens, respectively. In the case of separation of PS and PP particles, a surfactant 0.05% Tween 20 (Sigma-Aldrich, Inc., St. Louis, MO) was added to the solution to prevent non-specific adsorption both between particles and of particles on the microfluidic device. The other reagents were used as received.
Microchip fabrication
A hollow fiber-embedded microchip was fabricated using the soft lithography technique as shown in Fig. 2(a) . 31 Master mold of a microchannel was made from a 220-μm thick negative SU8-100 photoresist (MicroChem, Newton, MA) on a glass slide cleaned by Piranha solution and deionized water. The microchannel was designed to contain a main channel that had one inlet and two outlets with three subchannels branching from the main channel, as shown in Fig. 2 (b). Positive replicas with embossed channels were fabricated by molding polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning, Midland, MI) on a 35 × 35 mm glass slide against the master. The PDMS was cured for 3 h at 100 C and then peeled off. The hollow fiber (Spectra/Por ® in vivo Micro-Dialysis Hollow Fibers; o.d. 220 μm, i.d. 200 μm, molecular weight cut-off: 13 kDa; Spectrum Laboratories, Inc., Rancho Dominguez, CA) was applied uncured PDMS at four locations in the middle points between the inlet and the first subchannel, the first and the second subchannels, the second and the third subchannels, and the third subchannel and the outlets. This was done to prevent the edges of the hollow fiber and the branching point from becoming blocked with applied PDMS. The hollow fiber was embedded in the main channel made from PDMS. The PDMS substrate and a cleaned slide glass were treated with N2-plasma generator (SAKIGAKE-Semiconductor Co., Ltd., Japan) and then with crimping each other for 30 min at 100 C for curing the applied PDMS and irreversibly bonding PDMS substrate to a glass slide. Finally, holes with the diameter of 500 μm were punched with drills at the edges of the individual channel, and Ag/AgCl electrodes and reservoirs were set at the edges of the subchannels and the PEEK tubing was connected to an inlet and two outlets of the main channel. The device consisted of a main channel that was 200 μm wide, 200 μm tall and 15 mm long, and three dogleg subchannels separated the main channel by a semi-permeable membrane that was 220 μm tall and 300 μm wide. The length of the focusing and the separation segments were 7 and 3 mm, respectively. Outlets A and B were 370 and 200 μm wide, respectively.
Apparatus and measurements
The microchip electromagnetophoretic apparatus used in this study is shown in Fig. 3 . In our experiments, a permanent Nd-Fe-B magnet (20 × 20 × 10 mm, NeoMag, Japan) was arranged in parallel to the microchip to generate a magnetic field perpendicularly to a chip-plane. Moreover, another permanent Nd-Fe-B magnet (8 × 8 × 5 mm, NeoMag, Japan) was placed on the part of the focusing segment of the microchip. The magnetic fields at the focusing and the migration segments were 0.80 and 0.38 T, respectively. Two sets of a regulated DC power supply (CCP500-MR; Takasago Ltd., Japan) were used to apply a current to the fluid passing through the microchannel. Each subchannel was filled with KCl solution by a syringe from the hole at reservoirs. The sample solutions were supplied to the microchannel by withdrawal using a syringe pump (Fusion 200; Chemyx Inc., Stafford, TX) and the flow rates of outlets A and B were controlled by the syringe capacity and the applied flow rate. The syringe capacities used in our experiments were 50, 100 and 500 μL.
The particles in the microchannel were observed by an optical microscope connected to a CCD camera (VH-5000, KEYENCE Co., Ltd., Japan) and the CCD image was displayed on a monitor and also recorded by a DVD recorder. The distributions of particles eluted from outlets A and B were analyzed by image analysis using ImageJ.
All measurements were carried out in an air-conditioned room at 25 ± 1 C.
Results and Discussion
Staggered-electromagnetophoretic behavior in a hollow fiberembedded microchip EMP is the phenomenon in which microparticles suspended in a conductive fluid migrate in the opposite direction of the Lorentz force when the magnetic field and the electric current are applied to the conductive fluid perpendicular to each other. The direction and the migration velocity of EMP can be controlled easily by the direction and the strength of both the magnetic field and the electric current. The theoretical EMP velocity, vEMP, is expressed as follows: 28
where B is the magnetic flux density (T), i the current (A), r the radius of a particle (m), η the fluid viscosity (Pa·s), S the cross sectional area of channel (m 2 ), σf the electric conductivity (S m -1 ) of the medium, and σp the apparent electric conductivity (S m -1 ) of the particle caused by surface conductivity. 30 As shown in Eq. (1), because the EMP velocity of microparticles depends on their size and surface conductivity reflecting the surface property, particles can be separated based on them.
In an almost free-flow migration method for the separation of microparticles, they are focused in the flow by a sheath flow technique and then separated by their migration velocity orthogonal to the flow. In our technique, using the hollow fiber-embedded microchip that allowed us to apply the electric current independently to two places in the microchannel, the microparticles injected to the microchannel are focused by the first localized EMP (F-EMP) perpendicular to the flow and separated by the second localized EMP (S-EMP) opposite to the first EMP. When the length of separation segments and the average flow velocity is LS and vF, respectively, the EMP migration distance of particles by S-EMP in the channel is shown by vS-EMP(LS/vF). Hence, assuming that the particles can be focused significantly by F-EMP at the focusing segment, with the split-flow system where the flow rates at outlets A and B are UA and UB, respectively, the condition for which migrated particles are eluted from outlet B is expressed as follows:
where w is the channel width. As shown in Eq. (2), the outlet from which migrated particles are eluted is selected by the flow rate ratio between outlets A and B. Therefore, when the flow rate at outlet A is much larger than that at outlet B, the particles which have the high EMP migration velocity are recovered at outlet B. Consequently, the separation of microparticles can be controlled by both EMP velocities of the particles at the focusing and separation segment and the split-flow ratio using the hollow fiber-embedded microchip.
To focus and separate microparticles by EMP simultaneously, a microchip that can apply the electric current to the channel locally was fabricated by embedding the hollow fiber in the channel made from PDMS. Because the hollow fiber was embedded by applying uncured PDMS in the PDMS channel and then cured, the hollow fiber could be fixed in the channel and a gap between the hollow fiber and PDMS channel could be filled. Consequently, fluids could be flushed in the hollow fiber without leaking from subchannels and eluted from outlets. Moreover, when the main channel and subchannels were filled with 1.16 M KCl solution, the electric current could be flowed between each electrode by applying the voltage. Therefore, this microchip allows us to apply the electric current with the different direction at positions in the microchannel without the disturbance of the flow and some pressure control system. Using this device, the behavior of PS particles with the diameter of 10 μm dispersed in a 1.16 M KCl solution under the staggered-EMP was observed. The flow rates at outlets A and B were 100 and 10 μL h -1 , with the flow rate of 110 μL h -1 . The applied current for F-EMP and S-EMP were 550 μA and 650 μA, respectively. Theoretically, the EMP migration distance of 10 μm PS particles in the separation segment was calculated as 180 μm from Eq. (1) using the flow rate and the length of the separation segment. Moreover, with the split flow ratio of 10:1, the particles whose lateral position was larger than 180 μm would therefore be eluted from outlet B. Therefore, because this condition met Eq. (2), it was expected that 10 μm PS particles could be exclusively recovered from outlet B. Figure 4 shows the photographs of flowing 10 μm PS particles that have experienced staggered-EMP between the focusing and the separation segments and after the separation segment in the microchnnel. The buffer and particles were flowed in the z-direction and EMP force exerted on the particles in the Fig. 4 The microscopic photographs of 10 μm PS particles flowing in the microchanel while experiencing staggered-EMP (a) between the focusing and the separation segments, and (b) after the separation segment. The magnitude of the magnetic field for the focusing and the separation was 0.8 and 0.38 T, respectively. The applied electric currents were 550 and 650 μA, respectively. The flow rates at outlet A and B were 100 and 10 μL h -1 , respectively. Fig. 4(a) , 10 μm PS particles were flowed in a row near the wall of outlet A side between the focusing and separation segments and were focused sufficiently by F-EMP. It is expected that aggregation of 10 μm PS particles would occur when a high particle concentration sample was used. However, PS particles could pass through the focusing segment without aggregation and it was expected that the particle concentration could increase up to 10 7 particles mL -1 because there was still space with 10 6 particles mL -1 sample solution as shown in Fig. 4(a) . Then, PS particles experiencing S-EMP could reach the wall of outlet B side across the channel while they were flushed in the separation segment and eluted from outlet B as shown in Fig. 4(b) . These behaviors of 10 μm PS particles agreed with expectations. This result indicates that our hollow fiber-embedded microchip system could apply the localized electric current in a part of the channel in any direction and control the particle positions in the channel with staggered-EMP.
y-direction. As shown in
Size separation of PS particles
To evaluate the ability of the hollow fiber-embedded microchip, initial experiments were performed to separate PS particles with the diameters of 3, 6 and 10 μm. The 1.16 M KCl solution including PS particles was set to flow into the microchannel via withdrawal by a syringe pump. The syringe pump was set so that the flow rates of outlets A and B were 100 and 10 μL h -1 , respectively. Hence, the total flow rate in the channel was 110 μL h -1 and the flow rate ratio of a split-flow (A:B) was 10:1. The electric currents were 550 and 650 μA for F-EMP and S-EMP, respectively. These conditions were determined to elute all 10 μm PS particles from outlet B.
When the flow rate of outlet A was equal to that of outlet B (the flow rate ratio of split-flow was 1:1), the recovery of 3 μm PS particles at outlet A was only about 64% while all 10 μm PS particles were eluted from outlet B (see Fig. S1 , Supporting Information), and the separation was not sufficient. For the separation based on EMP velocity, it was considered that the difference of EMP velocity between 3 and 10 μm PS particles was enough to separate them. However, a large number of 3 μm PS particles was eluted from outlet B. This result indicated that the distribution of 3 μm PS particles was spread widely in the channel and they could not be focused significantly by S-EMP because 3 μm PS particles had the low vEMP. A larger current was needed to focus small particles. However, application of a large current might cause problems such as a heat generation. Therefore, to improve the separation, elution from outlet B was limited by the split-flow system. Figure 5 (a) shows the particle frequency in outlets A and B when the staggered-EMP was applied with a split-flow ratio of 10:1. Because the fluid flushed in outlet A was much larger than that flushed in outlet B, the particles eluted from B were limited to what were flowing near the wall of outlet B side. We noted that 10 μm PS particles were migrated enough to reach the wall of outlet B side by S-EMP, while they were flushed in the separation segment. Therefore, all 10 μm PS particles were eluted from outlet B. In contrast, although 3 μm PS particles were flowing and distributed widely in the channel, only a small amount number approached near the wall of outlet B side. Consequently, 87% of 3 μm PS particles could be recovered with 100% purity from the mixture of 3 and 10 μm PS particles, and the size separation between 3 and 10 μm PS particles could be achieved satisfactorily.
We then attempted to separate the 6 and 10 μm PS particles in which the size difference is still smaller. The operating conditions were the same as those for the separation of 3 and 10 μm particles shown in Fig. 5(a) . Figure 5(b) shows the result of the particle separation with the split-flow ratio of 10:1. In this experiment, all 10 μm PS particles could be eluted from outlet B, same as the result shown in Fig. 5(a) . As shown in Fig. 5(b) , 77% of 6 μm PS particles could be recovered with100% purity from the mixture of 6 and 10 μm PS particles. This result shows that our technique could achieve effective separation between 6 and 10 μm PS particles. Therefore, it was indicated that the hollow fiber-embedded microchip was useful for separating various sized microparticles. Because the separation condition could be set by not only the staggered-EMP controlled by both the magnetic field and the electric current, but also the split-flow, the separation efficiency could be improved effectively. Moreover, the proposed method had five times higher throughput than that of microchip EMP separation with 20 μL h -1 reported previously. 21, 23 Furthermore, with optimization of separation conditions such as applied magnetic field, electric current, the length of the focusing and the separation segments, the split-flow ratio, and adoption of multiple outlets, the separation efficiency and the throughput of staggered-EMP separation could be further improved.
Size fractionation of PP particles
Industrial microparticles such as inorganic and polymer latex particles are utilized in various applications and included in Fig. 5 Recovery of PS particles dispersed in 1.16 M KCl solution at outlet A and B for the separation between (a) 3 and 10 μm, and (b) 6 and 10 μm. The magnitude of the magnetic field for the focusing and the separation was 0.8 and 0.38 T, respectively. The applied electric currents were 550 and 650 μA, respectively. The flow rates at outlet A and B were 100 and 10 μL h -1 , respectively, and the split-flow ratio was 10:1. many products. Therefore, our separation technique should be applicable to various industrial particles. We tried to separate polymer particles made from PP. The PP microparticles were the amorphous spherical form. Figure 6(a) shows the size distribution of PP particles from the data sheet provided from the manufacturer. The size distribution was from 1.53 to 19.66 μm and average diameter was 5.0 μm. Therefore, we demonstrated that the specific size range of PP particles was fractionated from a PP sample that had a wide size distribution. The flow rates of outlets A and B were set to 150 and 15 μL h -1 , respectively. Hence, the total flow rate in the channel was 165 μL h -1 and the flow rate ratio of split-flow (A:B) was 10:1. The electric current for F-EMP was 600 μA, whereas for S-EMP it was applied in the range from 500 to 900 μA. The stream at outlet B was observed and the size of PP particles eluted from outlet B was measured by image analysis. Figure 6(b) shows the size distribution of PP particles recovered from outlet B when the applied current was 500 μA. By applying the electric current of 500 μA, larger PP particles that had a higher EMP migration velocity could be eluted from outlet B. However, smaller PP particles could not be eluted from outlet B. As shown in Fig. 6(b) , the PP particles whose diameter was less than 4 μm were cut off and many of the particles had a diameter of about 8 μm; the size of recovered PP particles collected at outlet B was 8 ± 3 μm. By comparison with the original size distribution of PP particles as shown in Fig. 6(a) , the size distribution of recovered PP particles shifted to larger and narrowed. Hence, 70% of recovered PP particles were larger than 7 μm and larger PP particles could be fractionated by our technique. Figure 6 (c) shows the size distribution of PP particles recovered from outlet B when the applied current was 900 μA.
By increasing the applied current, because of an increase in the EMP velocity of PP particles, smaller PP particles could be eluted from outlet B. As shown in Fig. 6(c) , the PP particles whose diameter was larger than 3 μm were recovered at outlet B and many of recovered PP particles had a diameter of around 6 μm. The size of recovered PP particles was 6 ± 2 μm. By applying the electric current of 900 μA, the size distribution of the recovered PP particles shifted to smaller compared to that with 500 μA as shown in Fig. 6(b) . Moreover, the measured center of the size distribution was close to that of the original size distribution. However, because the smallest particles and the largest particles were cut off, the size distribution of recovered particles became smaller than that of original. The reason why the largest particles were cut off was that the elution speed decreased because the largest particles were pressed to the wall by large EMP.
These results demonstrated that microparticles that have a certain size distribution could be fractionated based on their size by our technique and controlling the staggered-EMP.
Separation between biological particles
As described above, the separation of industrial polymer particles based on their size could be attained by our technique. Next, we demonstrated the separation between biological microparitcles such as pollens. Pollens used here were paper mulberry pollen and ragweed pollen. The diameters of paper mulberry pollen and ragweed pollen were 12 -13 and 19 -20 μm, respectively. It was expected that these pollens would exhibit different surface conductivities in a conductive fluid. Therefore, they might be separated based on both their size and surface conductivity. The separation medium was 1. , respectively. Hence, the total flow rate in the channel was 180 μL h -1 and the flow rate ratio of split flow (A:B) was 5:1. The applied electric current for F-EMP and S-EMP was 600 and 500 μA, respectively. Figure 7 (a) shows the photograph at branching point of the microchip when the separation between pollens dispersed in 0.166 M KCl solution with the split flow ratio of 5:1. The ragweed pollens whose size was larger than that of the paper mulberry pollens were flowed near the wall of outlet B side. In contrast, the paper mulberry pollens were distributed in the channel. This result indicated that the EMP migration velocity of the ragweed pollens was higher than that of the paper mulberry pollens. However, because the EMP migration velocity of the ragweed pollens was enough to reach the wall of outlet B side, the split-flow ratio was set to 5:1 for recovery of all ragweed pollens from outlet B. Figure 7 (b) shows the particle frequency of pollens in 0.116 M KCl solution in outlet A and B with a split-flow ratio of 5:1. As shown in Fig. 7(b) , while all ragweed pollens were eluted from outlet B, 84% of the paper mulberry pollens could be recovered with 100% purity from outlet A. This result demonstrated that this method could be applied to separate biological particles with high separation efficiency. When the 1.16 M KCl solution was used as a separation buffer, the recovery of the paper mulberry pollens at outlet B was 54% although the diameter of the ragweed pollens was about two times larger than that of the paper mulberry pollens (see Fig. S2 , Supporting Information). As shown in Eq. (1), the EMP velocity of particles depended on their size and the surface conductivity. Therefore, separation of heterogeneous particles could be influenced not only by their size, but also by their surface conductivities. In this case, it seemed that the surface conductivity of the paper mulberry pollens was smaller than that of the ragweed pollens in 1.66 M KCl solution and this difference of surface conductivities between them worked to cancel the influence of the difference in the size on the EMP migration velocity. The surface conductivity of particles changed when the ionic strength of the medium decreased because zeta potential and thickness of the electric double layer depended on the ionic strength of the buffer. Hence, using 0.166 M KCl solution as separation buffer, it was considered that the surface conductivity of the paper mulberry pollens increased mainly and the change in surface conductivities improved separation efficiency. Therefore, for the separation of heterogeneous particles, when the suitable ionic strength of a medium was used as a separation buffer, effective separation could be achieved. Further, with multiple outlets system, it should be possible to achieve complete separation and fractionate complex samples including various cells.
Conclusions
We have developed a new separation system for micrometersized particles utilizing a microfluidic device. To apply the electric current in a part of the channel, a hollow fiber-embedded microchip was fabricated. By using this microchip, because the electric current could be applied to the channel locally without some pressure device, the focusing and the separation of microparticles flowing in the channel could be achieved by staggered EMP. Moreover, by combining this microchip with the split-flow system having two outlets, we attempted to improve the separation efficiency. Using this system, we demonstrated size separation between not only 3 and 10 μm, but also 6 and 10 μm PS particles, with high separation efficiency. The results confirmed that the transfer of microparticles in the channel could be controllable and the size separation could be achieved. Moreover, the size fractionation of PP particles that had the distributed size could be demonstrated. The fraction range of PP particles could be controlled easily by the applied current. In addition, the separation of pollen as biological particles was attempted. By setting a suitable split-flow ratio and using a suitable separation buffer, it was indicated that heterogeneous particles could be separated with sufficient separation efficiency. Consequently, we seem the staggered-EMP technique is promising for the universal separation of various kinds of particles, such as cells, inorganic particles and polymer particles, since the separation principle requires no tagging material. Moreover, it seems that the hollow fiberembedded microchip could be applied for another use such as electrophoresis and filtration for microfluidic analysis.
Supporting Information
Supporting information includes additional figures; recovery of PS particles for the separation between 3 and 10 μm without the split-flow system (Fig. S1) , and recovery of pollens for the separation using a 1.16 M KCl solution as a separation buffer (Fig. S2) . 
